Abstract Quantitative data on the range of in vivo vertebral motion is critical to enhance our understanding of spinal pathology and to improve the current surgical treatment methods for spinal diseases. Little data have been reported on the range of lumbar vertebral motion during functional body activities. In this study, we measured in vivo 6 degrees-of-freedom (DOF) vertebral motion during unrestricted weightbearing functional body activities using a combined MR and dual fluoroscopic imaging technique. Eight asymptomatic living subjects were recruited and underwent MRI scans in order to create 3D vertebral models from L2 to L5 for each subject. The lumbar spine was then imaged using two fluoroscopes while the subject performed primary flexion-extension, left-right bending, and left-right twisting. The range of vertebral motion during each activity was determined through a previously described imagingmodel matching technique at L2-3, L3-4, and L4-5 levels. Our data revealed that the upper vertebrae had a higher range of flexion than the lower vertebrae during flexionextension of the body (L2-3, 5.4 ± 3.8°; L3-4, 4.3 ± 3.4°; L4-5, 1.9 ± 1.1°, respectively). During bending activity, the L4-5 had a higher (but not significant) range of left-right bending motion (4.7 ± 2.4°) than both L2-3 (2.9 ± 2.4°) and L3-4 (3.4 ± 2.1°), while no statistical difference was observed in left-right twisting among the three vertebral levels (L2-3, 2.5 ± 2.3°; L3-4, 2.4 ± 2.6°; and L4-5, 2.9 ± 2.1°, respectively). Besides the primary rotations reported, coupled motions were quantified in all DOFs. The coupled translation in left-right and anterior-posterior directions, on average, reached greater than 1 mm, while in the proximal-distal direction this was less than 1 mm. Overall, each vertebral level responds differently to flexionextension and left-right bending, but similarly to the leftright twisting. This data may provide new insight into the in vivo function of human spines and can be used as baseline data for investigation of pathological spine kinematics.
Introduction
Accurate knowledge of the physiological kinematics of the lumbar spine vertebrae is important for understanding the etiology of spinal diseases such as discogenic lower back pain. This knowledge is also necessary for the improvement of surgical treatments of spinal diseases that involve either segmental arthrodesis (fusion) or artificial disk arthroplasty (replacement), which may alter the vertebral motion patterns. In vitro experiments using cadaveric spinal segments have been pursued for decades in order to understand spinal biomechanics [25, 26] . Numerous studies have reported on spine kinematics [1, 14, 15, 20, 30, 31, 35, 36] when a spine segment specimen was subjected to simulated loading conditions.
In order to better understand the biomechanical factors that affect spinal pathology among treated patients, it is necessary to determine the spinal kinematics in living human subjects. However, the limitations of current technology and the complicated anatomy of the lumbar spine have made it difficult to measure the vertebral motion under physiologic loading conditions. In vivo spinal research to date has mainly concentrated on the measurement of range of motion and the evaluation for instability using methods such as bilateral radiographs, magnetic resonance imaging (MRI) [5, 11, 12, 16, 29] , computerized topography (CT) [32] , electrogoniometer [4, 10, 22, 33] , and videofluoroscopy [7, 17] . For example, early research used plain radiographs to examine the spinal motion of living subjects during flexion-extension positions [27, 28] . Subsequently, MR imaging technique [3, 6, 9] and CTbased methodology [23, 24] have been used to measure 3D spinal segmental positions in human subjects while lying in supine positions. To date there has been no accurate information published concerning in vivo lumbar vertebral motion during functional activities.
Recently, we validated a combined dual fluoroscopic and MRI technique to investigate in vivo human spine kinematics [34] . The system was shown to be appropriate for the investigation of lumbar spine motion during weightbearing functional activities. In this paper, we used this technique to determine the 6 degrees-of-freedom (DOF) vertebral motion of the lumbar spine of living asymptomatic human subjects in flexion-extension, left-right side bending, and left-right twisting. We hypothesized that the lumbar vertebrae at different levels demonstrated distinct motion characters during active in vivo spine motion. The purpose of this study was to determine segmental in vivo vertebral motion during functional human lumbar spine activities.
Methods
Eleven asymptomatic subjects with an age ranging from 50 to 60 years (5 males and 6 females) were recruited for this study (mean age 54.4 years; mean height 134.7 cm; mean weight 63.5 kg). Approval of the experimental design by the authors' Institutional Review Board was obtained prior to the initiation of the study. The subjects were evaluated for the absence of lower back pain and other spinal disorders. The presence of any of the following were used as indications for exclusion from the study based on the evaluation by an attending spine surgeon (senior author) prior to participation: current or prior back pain, history of spinal surgery, a diagnosis of disease or anatomical anomaly in the spine, prior radiation within a year, and pregnancy. A signed consent form was obtained from each subject before any testing was performed.
The lumbar segments of each subject underwent an MRI scan using a 3 Tesla scanner (MAGNETOM Trio, Siemens, Germany) with a spine surface coil and a T2-weighted fat suppressed 3D SPGR sequence. The subject rested for about 30 min and was then scanned in a supine, relaxed position. Parallel digital images with a thickness of 1.5 mm without gap and with a resolution of 512 9 512 pixels were obtained. The MR images of each subject were carefully examined. Two subjects were found to have the presence of early disk degeneration in the absence of clinical symptoms as determined by the radiologist. Additionally, one subject was found to have early scoliosis ([10°) without symptoms. These three subjects were excluded from further investigation.
The MR images of the spinal segments were then imported into a solid modeling software (Rhinoceros Ò , Robert McNeel & Associates, Seattle, WA) in order to construct 3D anatomical vertebral models of L2, L3, L4, and L5 of the lumbar spine using a protocol established in our laboratory [18] . The contours of the vertebrae were digitized manually using B-Spline curves in the software. Polygon mesh models of the vertebrae were then created from the contour lines (Fig. 1a, b) . Of note, few authors have validated the accuracy of the MR image-based mesh models of the vertebrae by comparing them with those constructed using CT images as has been described in our previous work [34] . The mean accuracy of our technique in determining translation has been shown to be 0.40 mm for the image matching technique. The repeatability of the method in reproducing in vivo human spine 6DOF kinematics was less than 0.3 mm in translation and less than 0.7°in orientation.
Following MR scanning, the lumbar spines of the subjects were imaged using a dual orthogonal fluoroscopic system. Two fluoroscopes (BV Pulsera, Phillips, Bothell, WA) were positioned with their image intensifiers perpendicular to each other in order to capture images of the spine segments at different postures from orthogonal directions simultaneously (Fig. 2a) . The fluoroscope has a clearance of approximately 1 m between the X-ray source and the receiver, allowing the subject to be imaged by the fluoroscopes simultaneously as he or she actively performs different maneuvers. The total imaging volume can reach up to 30 9 30 9 30 cm 3 . During fluoroscopic imaging, the subject was protected from radiation exposure with appropriate lead shielding. The subject was protected from above and below their lumbar spine by specifically designed skirts, vests, and thyroid shields. A surgeon constantly checked the lead protections to ensure that they did not slip away during the experiment.
The target spinal segments were then exposed to fluoroscopic scanning. The subject was asked to stand and position their lumbar spines within the view of both fluoroscopes and actively move to different postures in a predetermined sequence: standing position, 45°flexion of the trunk relative to the vertical, maximal extension, maximal left-right bending, maximal left-right twisting. The two laser pointers attached to the fluoroscopes helped to position the target lumbar spine segments inside the field of view of the two fluoroscopes. At each selected posture, two orthogonal images were taken simultaneously from two directions of the targeted spinal segment. The subject then moved to the next posture under the direction of an orthopedic surgeon. The subjects were asked to position themselves in the various postures to the maximum extent that they were able to so as to replicate their normal physiological limitations. The exception to this was forward flexion that was limited to 45°(using a protractor) in order to keep the subject within view of the fluoroscopes. Care was taken to ensure that no constraint was applied to the hips of the subjects while performing the active motions in order to replicate normal activity. During testing, the subject was exposed to approximately seven pairs of fluoroscopic projections. The entire experiment took about 10 min. The images were processed in the Digital Imaging and Communications in Medicine (DICOM) and Bitmap file formats.
The in vivo positions of the vertebrae at various weightbearing body positions were reproduced in the Rhinoceros Ò solid modeling software using the 3D models of the vertebrae and the orthogonal fluoroscopic images [34] . The pair of fluoroscopic images of the spine captured at a specific posture were imported into the modeling software and placed in calibrated orthogonal planes, reproducing the actual positions of the image intensifiers of the fluoroscopes. Two virtual cameras were created inside the virtual space to reproduce the positions of the X-ray sources with respect to the image intensifiers. Therefore, the geometry of the dual-orthogonal fluoroscopic system was recreated in the solid modeling program. The MR image-based 3D vertebral models were introduced into the virtual fluoroscopic system and viewed from the perspective views of the two virtual cameras (Fig. 2b) . The 3D models of the vertebrae could be independently translated and rotated in 6DOF until their outlines match the osseous outlines captured on the two orthogonal fluoroscopic images. This process was executed using an existing protocol established in our laboratory [2, 8, 19, 34] . The software allowed the model to be manually translated and rotated in increments of 0.01 mm and 0.01°, respectively. Using this technique, the vertebral positions during in vivo weightbearing activities were reproduced, representing the 6DOF kinematics of the vertebrae at each in vivo posture (Fig. 3) .
After reproducing the in vivo vertebral positions using the 3D anatomic vertebral models, the relative motions of the vertebrae were analyzed using right hand Cartesian coordinate systems constructed at the endplates of each vertebra (Fig. 1b) . The geometric center of the endplate was chosen as the origin of the coordinate system. The X-axis was in frontal plane and pointed to the left direction; the Y-axis was in sagittal plane and pointed to the posterior direction; and the Z-axis was vertical to the X-Y plane and pointed proximally.
The relative motions of the proximal vertebrae with respect to the distal vertebrae were calculated at three vertebral levels: L2-3, L3-4, and L4-5. Three translations were defined as the motions of the proximal vertebral coordinate system origin in the distal coordinate system: anterior-posterior, left-right, and distal-proximal translations. Three rotations were defined as the orientations of the proximal vertebral coordinate system in the distal vertebral coordinate system using Euler angles (in X-Y-Z sequence): flexion-extension, left-right bending, and leftright twisting rotations (Fig. 1b) .
After the determination of vertebral positions at each posture, we determined the range of motion of each vertebral level between flexion-extension, left-right bending, and left-right twisting. The range of motion data included both the primary rotations and coupled translations and rotations in all six DOFs. A repeated measure ANOVA was used to compare the range of motion at L2-3, L3-4, and L4-5 vertebral levels at each of the three functional activities. Statistical significance was set at p \ 0.05. When a statistically significant difference was detected a Newman-Keuls post hoc test was performed. The statistical analysis was done using software (Statistica, Statsoft, Tulsa, OK).
Results

Primary rotations
The vertebrae at different vertebral levels had different range of flexion during the designed flexion-extension motion (Fig. 4a) . The flexion ranges were 5.4 ± 3.8°, 4.3 ± 3.4°, and 1.9 ± 1.1°for L2-3, L3-4, and L4-5 levels, respectively. The L2-3 and L3-4 measurements are not statistically different in flexion range (p = 0.06). However, both levels had significantly higher flexion ranges than the L4-5 vertebral level (p \ 0.05).
During left-right bending motion, the upper level generally had a lower range of lateral bending than the lower level (Fig. 4b) . The L2-3 and L3-4 had left-right bending rotation ranges of 2.9 ± 2.4°and 3.4 ± 2.1°, respectively; but neither of these were statistically different (p \ 0.05). The L4-5 had a range of rotation during bending of 4.7 ± 2.4°, which was statistically larger than that at L2-3 level (p \ 0.05). For the left-right twist activity, the three vertebral levels showed no significant difference in the range of twist rotations (Fig. 4c) (p \ 0.05) . The twist rotation ranges were 2.5 ± 2.3°for L2-3, 2.4 ± 2.6°for L3-4, and 2.9 ± 2.1°for L4-5.
We did not detect any trends in movement patterns based on the available anthropometry or age of the subjects.
Coupled translations and rotations
During the active flexion-extension motion, there were coupled translations in all three directions ( Table 1) . The coupled motions in left-right and anterior-posterior directions were not significant different and were, on average, between 0.7 and 1.5 mm. The coupled translation in proximal-distal direction is significantly lower at L2-3 (0.2 ± 0.2 mm) than at L3-4 (0.6 ± 0.4 mm), and L4-5 (0.7 ± 0.6 mm) (p \ 0.05). The coupled rotations in leftright bending and twisting were not significant different and were, on average, between 1.7°and 2.9°. They are significantly lower than primary rotations at L2-3 and L3-4 levels.
During the active left-right bending motion, the coupled translations in left-right and anterior-posterior directions were not significantly different in all the vertebral levels The ranges of primary rotations were italicized. The coupled translation ranges were labeled as LR (left-right translation), AP (anteriorposterior translation) and PD (proximal-distal translation). The ranges of the three rotations were labeled as FE (flexion extension), Bend (left-right bending) and Twist (left-right twisting) and on average, ranged between 0.8 and 1.1 mm ( Table 1) . The coupled translation in proximal-distal direction (between 0.4 and 0.6 mm) was lower when compared with those at the other directions (p \ 0.05). The coupled flexion rotation range was between 1.3°and 2.1°at the L2-3, L3-4, and L4-5 levels, which was lower than their corresponding primary bending rotations (p \ 0.05). However, the coupled twist rotations were at similar magnitudes as the primary bending rotation; ranged between 2.2°and 3.8°. During the active left-right twisting motion, on average, the translation in anterior-posterior direction was between 1.1 and 1.2 mm, while in left-right direction was between 0.5 and 1.0 mm and in proximal-distal direction was between 0.3 and 0.6 mm. The anterior-posterior translation is significant larger at L2-3 and L4-5 levels than that in the other two directions. Both left-right and anterior-posterior showed significantly larger translation than proximal-distal translation at L3-4. The coupled flexion range was between 0.9°and 2.3°and the coupled bending rotation was between 2.0°and 3.0°. The only statistical difference was found at L4-5 flexion range compare to those of bend and twist (Table 1) .
Discussion
Quantitative data on in vivo vertebral motion is critical to enhance our understanding of spinal pathology and to improve the current surgical treatment methods for spinal diseases. In this study, we investigated the range of lumbar vertebral motion in asymptomatic living subjects when they performed unrestricted weightbearing activities. The data demonstrated that the upper vertebrae had larger ranges of flexion than the lower vertebrae during functional flexion-extension of the body. During the functional bending activity, the L4-5 had a larger range of left-right bending motion than both L2-3 and L3-4, while no statistical difference was observed in left-right twist among the three vertebral levels. This could be related to the different anatomic orientation of the facet joints at different levels as the L2-3 facet is oriented more vertically than L4-5 [21] which facilitates flexion. Besides the primary rotations, coupled motions were found in all other DOFs. The coupled translation in left-right and anterior-posterior directions, on average, reached above 1 mm, while in the proximal-distal direction this remained less than 1 mm. Coupled bending and twisting motions were found to have a larger range of motion than coupled flexion.
This data provides necessary preliminary information on the normal ROM of the lumbar vertebrae. Overall, segmental ROM measured was small with a mean of \2 mm and \6°. For clinical purposes, several radiographic diagnostic criteria have been proposed for lumbar spinal instability: vertebral translation [3-5 mm or relative endplate orientation[10-20°in the sagittal plane. However, at present, there is no consensus [13] . In the future, we intend to increase the number of subjects tested to increase the statistical power in order to help establish a standard, and to include translational and rotational limits in the coronal plane for this new standard.
Numerous studies have been carried out using in vitro experimental setups to investigate the biomechanics of the lumbar spine. For example, Kettler et al. [14] indicated that the finite helical axes of motion are useful tools to describe the 3D in vitro kinematics of the intact and stabilized spine. Fujiwara et al. [7] conducted an in vitro anatomic and biomechanical study using human cadaveric lumbar spines. They evaluated the changes in the intervertebral foramen during flexion and extension, lateral bending, and axial rotation of the lumbar spine. The authors correlated these changes with the flexibility of the spinal motion segments by imaging the spine before and after the application of rotational and loading movements. All these studies used invasive techniques to measure spine motion, which are not possible when applied to an in vivo, which makes them difficult to compare with in vivo studies and to interpret in the clinical setting for living patients.
To our knowledge, no previous study has reported data regarding in vivo vertebral motion during unrestricted functional activities in humans. Pearcy [27] investigated lumbar vertebral motion during maximal flexion-extension using a biplanar radiography technique, where the pelvis and hips were limited in motion by using a frame. Their data showed similar ranges of motion for all vertebrae. Our study found the upper levels had a larger range of flexion than the lower levels. This differing trend in flexion range may be due to two factors. First, in our testing the subject was allowed free weightbearing motion of the body. No restriction was applied to the pelvis or hips. Therefore, pelvic rotation could conceivably affect the rotation of the lumbar vertebrae. A second factor may be that we only allowed maximal flexion to approximately 45°for the upper body which is not the maximal flexion angle of the body. While overall, their coupled range of translation was found to be similar in magnitude to our data, the coupled rotation data was lower in magnitude than our data. The differences between the two studies emphasize the importance of weightbearing conditions and motion patterns when investigating the vertebral kinematics.
Pearcy and Tibrewal [28] also investigated left-right bending rotation motion (also referred to as lateral bending rotation) of asymptomatic living subjects using their biplanar radiography technique. Overall, they found larger ranges of lateral bending rotation than we did in our studies. They also reported larger bending ranges in the upper segments when compared with the lower levels of the vertebrae. In our data, however, we found that the lower level L4-5 had a larger range of bending rotation than the upper two levels. Similarly to the flexion-extension motion, the lateral bending motion was also affected by the motion of the pelvis and hips. In our study, an unrestricted lateral bending was performed by all subjects. It might be difficult to directly compare the results between different studies given that the weightbearing conditions were different.
There are several studies that have investigated left and right twisting (also referred to as axial rotation in literature) of lumbar spine in living subjects under various conditions [9, 23, 27, 28] . For example, Pearcy and Tilbrewal [28] studied a similar twisting movement while standing and showed a range of axial rotation of approximately 2°at each vertebral level, which is similar to our findings. Breen et al. described a novel technique (Objective Spinal Motion Imaging Assessment system-OSMIA) based on low-dose fluoroscopy and image processing to study in vivo lumbar spine motion. Although this technique has the benefit of minimizing radiation exposure, the major limitation of this technique was the exclusion of translations and axial rotations, making the possibility of combining the data to measure coupled and 3-dimensional motion impossible. In addition, it requires skillful radiography to achieve optimal positioning and dose limitation. Haughton et al. [9] investigated lumbar twisting using MR image scan with the subject lying supine and showed an average range of axial rotation between 1 and 2°in the three vertebral levels. Their measurement was carried by rotation of the lower body ±8°t o examine the rotation range of the vertebrae. More recently, Ochia et al. [23] determined that the upper lumbar motion segments had greater amounts of axial rotation range compared to the lower segments when the upper body was passively rotated to ±50°in the supine position while undergoing CT scanning. Their range of rotation was almost twice that found in the above mentioned studies.
These large discrepancies in vertebral rotation data could be explained by the various loading conditions used in these studies that were caused by different experimental setups. Pearcy and Tibrewal studied similar active weightbearing axial rotations compared with our study. However, both Haughton et al. [9] and Ochia et al. [23] studied passive axial rotation of the body in the supine position. Haughton et al. rotated the subject's hip ±8°to investigate the lumbar spine rotation while Ochia et al. rotated the upper body ±50°. In both of these two studies, however, the spine was not under weightbearing conditions. A quantitative comparison between these studies might be difficult and a comparison of lumbar vertebral motions has to consider the different loading conditions that were present among these studies.
Few studies have gone further to investigate coupled vertebral motions with the primary rotations [23, 27] . Pearcy and Tibrewal [28] found that coupled translation in left-right and anterior-posterior directions were around the range of 1 mm during primary flexion-extension motion, which are similar to our findings. However, the accuracy of their system was around 1 mm. Their coupled motion in left-right bending and axial rotation was also similar to ours. During primary axial rotation, Ochia et al. [24] found that the coupled range of translation in the left-right direction was over 8 mm at L2-3, over 4 mm at L3-4, and over 1 mm at L4-5 levels. These values are larger than those measured from our study during standing weightbearing axial rotation. Their coupled translations in the anterior-posterior and proximal-distal directions were lower than those reported in our study. These comparisons indicated again that the coupled vertebral motions are also dependent upon weightbearing condition.
There are several limitations to the current study. Our small sample size limited our ability to detect differences in movement patterns. This may also explain why some of the differences that were found were not statistically significant as well as the relatively large SDs that were seen. Even though no restriction was applied to body motion, the flexion was not studied at the maximal flexion position of the subject. In order to keep the targeted lumbar spine within the field view of the two fluoroscopes, the subject was instructed to limit flexion to approximately 45°from a standing position. Also, we only examined the range of motion of the L2-3, L3-4, and L4-5 segments during the three functional body motions. We did not examine the in vivo instantaneous positions of the vertebrae during dynamic motion of the body. Finally, the subjects were within the age distribution of 50-60 years. In future, living subjects in various age ranges should be investigated to examine the age effect on vertebral kinematics. Nevertheless, the data obtained from this study will hopefully contribute to our knowledge on physiological motion of the human lumbar vertebrae.
In conclusion, this study used a dual fluoroscopic system to investigate functional lumbar spine motion in human subjects under weightbearing conditions. The advantage of this system for spinal research is its flexibility to accommodate various functional activities. This paper reports data on lumbar vertebral motion ranges during three unrestricted body motions commonly used during clinical examinations of the spine. We found that vertebral motion at different levels may respond to external loads differently. These data may provide new insight into the in vivo function of human spines. Future investigations will be directed at examining the intervertebral disk deformation of the lumbar spine segments using 3D finite element analysis while using the 6DOF kinematics determined in this study as boundary conditions. We also hope to focus on studying the in vivo vertebral kinematics of patients with diseased disks and to analyze how surgical treatment will affect the spinal biomechanics.
